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ABSTRACT _-- 
,_I’ 

This paper repor t s  on a series of measurements of 
pressure space-time covariance i n  t h e  near f i e l d  of several 
subsonic j e t s .  
turbulence levels and power spec t r a l  dens i t i e s  of the  pres- 
sure  f i e l d  outs ide the j e t .  

f a r  f i e l d  i s  f i r s t  es tabl ished f o r  high frequencies as the  
dis tance between j e t  and detector  are increased. 

A less expected r e s u l t  i s  the long cor re la t ion  d i s -  
tances  f o r  the  la rger  eddies and the s t rong cor re la t ion  
across  a diameter observed, both i n  the t r a n s i t i o n a l  regime 
and i n  the  f u l l y  turbulent  domain. 

tween phase ve loc i ty  and group ve loc i ty  of large sca le  d i s -  
turbances. 

The data include measured mean flow data, 

Among the obvious conclusions i s  the f a c t  t h a t  the  

The cor re la t ion  measurements show a d i s t i n c t i o n  be- 
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1. INTRODUCTION 

This is one of a series of repor t s  on experiments on 
f r e e  shear flows and aerodynamic noise.  

The experiments, which w e r e  started i n  1958 and have 
been supported by NASA since 1959, have been directed towards  
t he  co l lec t ion  of as complete and r e l i a b l e  information as 
possible  involving j e t  flow, j e t  s t a b i l i t y ,  turbulence and 
sound emission under control led conditions.  

It i s  our hope t h a t  the information we have, and are 
obtaining, may prove usefu l  i n  contr ibut ing t o  a b e t t e r  and 
more d e t a i l e d  understanding of j e t  noise, and hopefully sug- 
ges t  new methods f o r  noise  prevention. 

I 

A large f r ac t ion  of our e f f o r t  has been devoted t o  
making the experimental equipment work s a t i s f a c t o r i l y .  

As a c r i t e r i o n  of s a t i s f ac to ry  operation we have 
used s i m i l a r i t y  i n  narrow band-pass spectra  and other  high- 
reso lu t ion  measures. For example, we have required t h a t  
power spec t r a l  densi ty  of near and f a r  f i e l d  pressure be 
expressible  as dimensionless functions of t he  parameters in-  
volved. 
arrangements required took approximately two years, and we 

I obtained our f irst  s igni f icant  data i n  the Summer of 1961. 

The many modifications of equipment and experimental 

Among the many d i f f i c u l t i e s  w e r e  s ca t t e r ing  from 
I 

microphone cables and mountings, upstream flow noise  and 
I 

I amplif ier  microphonics. 
I 

A t  the  present t i m e ,  the  experimental arrangement 
y ie lds  r e s u l t s  which are accurate  within t en  per  cent i n  
root  mean square f o r  narrow band-pass spectra ,  and much 

I b e t t e r  f o r  mean values. The turbulence level of the  flow at 
t h e  j e t  nozzle e x i t  i s  below there  are no detectable  

~ 
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temperature or  pressure f luc tua t ions  i n  the frequency band from 
100 cycles per second t o  lo5 cycles per  second. 

2. EXPERIMENTAL ARRANGEEENT 

The experimental arrangement i s  shown i n  f igure  1. 
Compressed dry air  i s  supplied t o  a muff le r -se t t l ing  chamber 
combination, where the air passes through s i x  steel  wool 
pads, each four  inches thick,  then through a metal honeycomb, 
then screens of successively smaller mesh and f i n a l l y  i n t o  a 
s e t t l i n g  chamber, from which the  a i r  en ters  the  nozzle. The 
nozzles used w e r e  geometrically similar over the last four  
diameters of t he  contract ion.  The contract ion r a t i o  w a s  
f o r t y  f o r  t he  l a rges t  nozzle (1.6 in.diameter) and four  
hundred f o r  t he  smaller nozzle (0.5 in .diameter) .  

The nozzle e x i t  i s  within an anechoic chamber, 8 f t  x 
8 f t  x 8 f t ,  and e x i t s  through a "jet  catcher" at the down- 
stream end. 

Figure 2 shows a photograph of the anechoic chamber. 

3 .  NEAR FIELD PRESSURE MEASUREMENTS 

Figure 3 shows a photograph of the microphone arrange- 
ment f o r  near f i e l d  pressure measurements. 
are p iezoe lec t r ic  microphones with a sens i t i ve  area of 1.5 mm 
diameter and a f r o n t a l  diameter of 3 mm. 

The microphones 

Figure 4 shows a block diagram of the  data processing 
system. 
preferable  t o  recording and later playback f o r  d a t a  process- 
ing. 
be invest igated immediately. 

W e  decided upon "on-the-line" data processing as 

One advantage i s  t h a t  reasons f o r  suspicious data can 

The s igna ls  are fed t o  a t ape  recorder and played 
back a t  a var iab le  delay. The delayed s igna ls  are multi- 
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p l i e d  together, integrated with respect t o  t i m e  and recorded 
versus  de lay  time. 

Figure 5 shows the  t i m e  delay arrangement w i t h  delay 
t i m e  drive. 

Figure 6 demonstrates t he  performance of the  correla-  
t o r .  The microphone w a s  placed one diameter downstream of 
t h e  nozzle e x i t  piane, a s m a l l  d is tance away from the  j e t .  
The dotted l i n e  shows the  autocorrelat ion f o r  j e t  e x i t  Mach 
number 0.48. The t i m e  scale w a s  obtained by autocorrelat ing 
a 20 kc s igna l ;  t h i s  co r re l a t ion  i s  shown as a dotted l i n e  
i n  the  lower par t  of the  f igure .  

The zero t i m e  de lay  point w a s  obtained by recording 
the  autocorrelat ion of white noise  from a whi t e  noise gen- 
e r a t o r .  Next, t h e  t i m e  s ca l e  w a s  expanded by changing the  
s e n s i t i v i t y  of the x-y recorder. The t i m e  s ca l e  w a s  es- 
t ab l i shed  as expanded by a f ac to r  of two by recording the 
autocorrelat ion of a 20 kc s ignal ,  the  so l id  l i n e  i n  the 
lower pa r t  of the diagram. Final ly ,  the  pressure autocor- 
r e l a t i o n  w a s  recorded at a j e t  Mach number of 0.96, and the  
s o l i d  l i n e  autocorrelat ion obtained. 

The reason f o r  t he  apparent s h i f t  i n  the maximum of 
t h e  co r re l a t ion  function i s  t h a t  two colors  of ink, and 
therefore  two d i f f e ren t  recording pens, w e r e  used. It w a s  
found t h a t  one recording pen w a s  0.10 inches longer than 
t h e  o ther ;  t h i s  explains most of the  discrepancy. 

3 . 1 Coordinate System, Notation 

Figure 7 shows the  coordinate system used i n  the  
near f i e l d  . 
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X i s  the  dis tance from the nozzle e x i t  plane 
r i s  t h e  dis tance from the nozzle l i p  
e i s  the  angle between r and the j e t  ax is  
D i s  the j e t  diameter 

Adopt the  following notation: 

P 
t 
Ax 
T 

U 
M 
0 

(-7 
< >  

pressure f luc tua t ion  
t i m e  
microphone displacement 
t i m e  displacement 
j e t  e x i t  ve loc i ty  
j e t  e x i t  Mach number 
frequency, radians pe r  second 
superscr ipt ,  root  mean square 
t i m e  averaged 

C (x, Ax, T )  = <'( x , t )  ,,b p( x + Ax,  t + 7)) , ' the  
PP P(X) a x  + Ax) 

pressure cor re la t ion  coef f ic ien t .  

m 

$ (LO) = 4 1 <p(x, t )  p(x, t + T)> cos UK d.r, the  
0 

power spec t r a l  densi ty  (here measured d i r e c t l y ) .  

3 . 2  Variat ion of Root-Mean-Square Pressure along Jet  

Figure 8 shows a t y p i c a l  va r i a t ion  of $(x,e) f o r  
constant 8 f o r  one j e t  Mach number. 

Figure 9 shows the  va r i a t ion  of $(x,6) ro r  constant 
dis tance 3D/2 from the j e t  axis .  The data ind ica te  t h a t  
t he re  i s  a change i n  the  va r i a t ion  of p with Mach number 
near  M = 0.3. Other indicat ions of t h i s  w i l l  be shown 
later.  

,,b 
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Figure 10 shows some cor re la t ion  functions across  the 

numbers. Plot ted are the autocorrelat ions of the  two micro- 
phone s igna ls  and t h e i r  cross  cor re la t ion  versus delay t i m e .  
The autocorrelat ions should be iden t i ca l  under perfect  con- 
d i t ions .  The lack of perfect ion i s  p a r t l y  due t o  s l i g h t l y  
d i f f e ren t  s e n s i t i v i t y  se t t ings ,  while there  a l s o  appears, 
i n  the upper right-hand f igure,  a s l i g h t  indicat ion of micro- 
phone vibrat ion.  

I j e t  d i a m e t e r  f o r  8 = 20°, x/D = 4 and 6 ,  and f o r  th ree  Mach 

The information obtained from a large number of such 
measurements are shown i n  the next two f igures .  

3 . 3  Correlat ion Across a Jet  Diameter 

Figure 11 shows the  cross-correlat ion coe f f i c i en t  at 
zero t i m e  delay across  a diameter fo r  several values of M 
and x/D, f o r  one j e t  diameter, namely D = 1/2 in .  

It i s  remarkable how the va r i a t ion  of cor re la t ion  
coe f f i c i en t  changes when M becomes la rger  than 0.3. 

Figure 12 shows the cor re la t ion  coef f ic ien t  f o r  
points  90° apart around the j e t  circumference, f o r  d i f f e r e n t  
Mach numbers, dis tances  from the  nozzle e x i t  and f o r  two d i f -  
f e r en t  nozzle diameters, namely D = 1/2 in .  and D = 1 in .  
The points  from the two nozzles coincide. Again, something 
seems t o  happen near M = 0.3. 

3 . 4  Power Spectral  Densi t ies  of Pressure Fluctuat ions i n  
the Near F i e l d  

The power spec t r a l  dens i t i e s  w e r e  measured with a 
power bandwidth of 45 cps over the  frequency range of 200 cps 
t o  50,000 cps. 

Figure 13 shows the square root  of power spec t r a l  
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d m  plo t ted  versus Strouhal number based on streamwise 
locat ion cuoc/27rU, and a t  e x i t  Mach number of 0.6. 
i l a r i t y  at large frequencies is  apparent. A similar set of 
spec t r a  f o r  M = 0.9 i s  shown i n  f igure  14. 

The s i m -  

I f ,  perhaps against  expectations, f a r  f i e l d  s i m i l a r i t y  
should be establ ished anywhere, i.e., t h a t J m / r  i s  a con- 
s t an t ,  and if $ (Il.s/U) - (uD/U)~, one should expect $ (wx/U) 
t o  coalesce.  This i s  the  case f o r  the high frequencies i n  
f igu res  13 and 14. 

The high frequency port ion of the spectrum i s  most 

Another explanation i s  of course t h a t  the turbulent  
l i k e l y  t o  have been emitted from the upstream port ion of the  
j e t .  
wave numbers j u s t  scale with l/x. The choice of explanation 
is not obvious. 

Figures 15, 16, 17  and 18 show a set of pressure 
spec t ra  f o r  j e t  Mach number 0.90. Figure 14 w a s  obtained 
by cross-plot t ing samples of these spectra .  Figures 19 and 
20 show huw the  high frequency port ion of the  spectra ap- 
proach far f i e l d  s i m i l a r i t y  qui te  near the j e t .  

3.5 Space-Time Correlat ions of Pressure i n  the Near Fie ld  
J u s t  Outside the Jet 

Figure 21 shows pressure cor re la t ion  coef f ic ien t  

f o r  two Mach numbers, plot ted versus UT/D f o r  four  values of 
Ax. 

The dis tance from the nozzle e x i t  plane t o  the  up- 
stream microphone w a s  x = D. 
inch. The s i m i l a r i t y  i s  remarkable. 

The j e t  diameter D w a s  one 
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An a l t e rna t ive  way of p lo t t i ng  the  d a t a  from f igure  
, 2 1  i s  shown i n  f igure  22, where contours of constant corre- 

l a t i o n  coef f ic ien t  are shown. Two l i n e s  of constant corre-  
l a t i o n  ve loc i ty  AX/T have been drawn. 

It appears t h a t  the cor re la t ion  ve loc i ty  is  between 
U/2 and U, and much c loser  t o  the  lat ter f o r  t h i s  pa r t i cu la r  
case. In  order t o  examine t h i s  i n  more d e t a i l ,  we  include 
a number of cor re la t ion  curves, as shown i n  f igures  23 t o  
f igu re  33, inclusive.  

Figure 23 shows the  pressure autocorrelat ions f o r  
x/D = 1/2; M = 0.15; D = 1/2 i n . ;  the  j e t  i s  laminar and 
the  microphone i s  upstream of the  unstable p a r t  of the  shear 
layer .  
f luc tua t ions  associated with the Tollmien-Schlichting waves 
of the  f r e e  shear l aye r .  

The autocorrelat ion f o r  x/D = 1 shows the  pressure 

Examining the cross  cor re la t ion  one f inds  t h a t  the  
f luc tua t ions  of the frequency of the Tollmien-Schlichting 
waves are correlated f o r  Ax/D = 0.5 and 1, but  t h a t  f o r  
Ax/D = 2, a lower frequency seems t o  dominate the  cross  
cor re la t ion .  The cor re la t ion  phase ve loc i ty  appears t o  be 
approximately U/3; which indicates  a s ign i f i can t  standing 
wave p a r t  i n  the i n s t a b i l i t y  f luctuat ions.  

Figure 24 shows how the  cor re la t ion  funct ion p e r s i s t s  
with increasing separat ion Ax for M = 0.3, the  dis tance 
required f o r  t h e  cor re la t ions  coef f ic ien t  t o  decrease by a 
f a c t o r  of l/e being approximately 1.5D when x/D = 1/4. 
decrement dis tance remains about the same f o r  x/D = 1/2 as 
shown i n  f igure  25, while f igure  26 shows it t o  be increased 
s i g n i f i c a n t l y  f o r  x/D = 1. A t  the  same t i m e ,  the  co r re l a t ion  
speed increases  with increasing x/D, from U/2 a t  x/D = 1/2 
t o  somewhere near 0.7U a t  x/D = 1. A t  M = 0 . 6 ,  as shown i n  

This 
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figures 27, 28 and 29, the  cor re la t ion  speed seems t o  have 
increased t o  0.7U at x/D = 1/4,  and t o  almost U at  x/D = 1, 
while t he  pers is tence of the  cor re la t ion  coef f ic ien t  wi th  
increasing x/D i s  very noticeable.  

Figure 30 again shows t h a t  the cor re la t ion  speed  i s  
l a r g e r  than U/2 f o r  x / D  = 1/4 f o r  M = 0.8.  

Figures 31, 32 and 33 show t h a t  the  co r re l a t ion  
speed again increases  with increasing Mach number and with 
x/D while the pers is tence of the co r re l a t ion  coef f ic ien t  in- 
creases with increasing x/D. 

Figure 34 shows a f i r s t  crude estimate of the  vari-  
a t i o n  of co r re l a t ion  speed with Mach number and x/D. 

3 . 6  Approximate Form of the  Correlation Function 

Among the  many fea tures  of the  pressure co r re l a t ion  
coe f f i c i en t  i n  a streamwise direct ion,  the  following are 
worth mentioning. 

The autocorrelat ion i s  of course symmetric about 
T = 0.  The cross  co r re l a t ion  becomes antisymmetric about a 
c e r t a i n  T f o r  some f i n i t e  value of Ax, then it becomes 
symmetric about some other  T a t  s l i g h t l y  la rger  Ax, and so 
f o r t h .  

It i s  as i f  t he  co r re l a t ion  function were composed of 

(a) A simply harmonic wave t r a v e l l i n g  a t  a speed 
VI with respect t o  the  microphone cos k(Ax - V1.r) 
mu1 t i p 1 ie  d by 

(b) A weighting function looking somewhat l i k e  a 
Gaussian curve t r a v e l l i n g  at  a speed V2: 

exp (ca, - V2T)2/02j 
mult ipl ied by 
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(c)  An exponential decay 

Ax 
-E e 

where 1 x i s  a decay dis tance.  

A reasonable f i r s t  approximation t o  the form of the 
cor re la t ion  funct ion i s  therefore  

where V1 and V2 are cor re la t ion  "group" and "phase" ve- 
l o c i t i e s ,  respect ively.  

By d i f f e r e n t i a t i n g  Eq. 1 with respect  t o  the var ious 
parameters one can generate other  cor re la t ion  functions and 
obtain a complete set of functions of Ax on the i n f i n i t e  in-  
terval. Linear superposit ion can then be used t o  a t t a i n  
c lose r  approximation than i s  possible  with a s ingle  term as 
i n  Eq. 1. 

This i s  hardly worthwhile before one e i t h e r  knows o r  
understands the ac tua l  physical  processes i n  much more de- 
t a i l  and t o  a higher precis ion than i s  the case a t  the 
present .  

4 .  THE PRINCIPAL OBSERVED FEATURES OF THE 
NEAR PRESSURE FIELD 

The pressure f i e l d  near  the j e t  appears t o  be much 
more coherent than w a s  believed previously. This may i n  
some measure be due t o  the  extreme precautions taken i n  
our experiments t o  avoid parasitic influences.  Our experi-  
ments therefore  probably do  not agree with crude experi-  
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ments on small laboratory scale. 
agree b e t t e r  with f u l l - s c a l e  experiments, where the para- 
s i t i c  influences probably are of smaller relative scale 
than i n  the  laboratory.  This has not been checked. Ful l -  
scale experimental r e su l t s ,  where ne i ther  the j e t  nor the  
microphone w a s  near a so l id  boundary, are not r ead i ly  
avai lable .  

One may f ind tha t  they 

The streamwise va r i a t ion  of the  cor re la t ion  of pres- 
sure  across  a diameter and around the j e t  circumference in- 
d i c a t e s  t h a t  Mach number i s  an important parameter i n  the  
processes of generation of turbulence i n  the j e t .  

The increase i n  cor re la t ion  ve loc i ty  of streamwise 
cor re la t ions  of pressure indicates  t h a t  p a r t  of what w a s  
observed w a s  sound t r ave l l i ng  downstream i n  the j e t .  The 
f a c t  t h a t  t he re  w a s  an observable difference between cor- 
r e l a t i o n  phase ve loc i ty  and cor re la t ion  group ve loc i ty  in- 
dicates t h a t  one most l i k e l y  i s  observing a phenomenon 
related t o  hydrodynamic i n s t a b i l i t y .  
would tend t o  grow o r  decay i n  group length of a disturbance 
t r a i n  at a d i f f e ren t  rate on the upstream and downstream ends 
of the group. The cor re la t ion  r e su l t i ng  from a random t r a i n  
of such disturbance packages would give d i f f e ren t  phase and 
group ve loc i t i e s .  

Such an i n s t a b i l i t y  

That there  e x i s t s  a s t rong p o s s i b i l i t y  t h a t  coupling 
e x i s t s  between the sound t r a v e l l i n g  ins ide  the j e t  and the 
i n s t a b i l i t y  f luc tua t ions  o r  mechanism of generation of t u r -  
bulence i s  obvious from an examination of the  equations of 
motion. This w i l l  be shown i n  the  next sect ion.  

The cor re la t ion  measurements a l s o  ind ica te  t h a t  the 
longer streamwise and lateral cor re la t ions  which exhib i t  the  
f ea tu res  j u s t  discussed are the low frequency p a r t  of the  
disturbances,  s ince the  cor re la t ion  funct ions do not  have 
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as sharp maxima as do the autocorrelat ions.  This i s  t o  be 
expected, namely t h a t  the la rger  e d d i e s  persist longer i n  
dis tance and t i m e  than the s m a l l  ones. A comforting but 
obvious r e s u l t .  

5. INTERACTION BETWEEN CONVECTED SOUND AND VORTICITY 
FLUCTUATIONS I N  THE PRESENCE OF MEAN SHEAR 

- P +  
Describe the  ve loc i ty  f i e l d  u(  x , t )  as a sum of three 

ve loc i ty  f i e lds ,  

+ +  + +  - b +  - + +  
u(  x , t )  = U( x)  + v (  x , t )  + w( x , t ) ,  where 

+ - - t  

U( x)  the loca l  t i m e  average ve loc i ty  
+ +  
v (  x , t )  = Vcp( 3,t) the i r r o t a t i o n a l  p a r t  of the  

f luc tua t ing  f i e l d  
+ +  

w( T,t) = c u r l  +( x , t )  the solenoidal  pa r t  of the 
f luc tua t ing  f i e l d .  

+ 
Without loss of general i ty ,  one may set div + = 0. 

The equation of cont inui ty  relates the  po ten t i a l  
f i e l d  d i r e c t l y  t o  densi ty  f luctuat ions:  

where the prime { 1’ denotes the t i m e  dependent p a r t  of a 

quant i ty .  D/Dt i s  the t o t a l  der ivat ive,  including the  con- 
vect ion by ve loc i ty  f luctuat ions.  

The momentum equation i s  

+ grad p = d i v  

being the  viscous stress tensor .  

(3)  
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The energy equation i s  

PT = (p + div (k grad T) D t  

The equations of state are wr i t ten  as 

p = P R T  

( 4 )  

(5)  

.&?= P a2 $ +  ( y -  1) T dS ( 6 )  

p, P, T, a2 and S being state var iables ,  any two being suf- 
f i c i e n t  t o  descr ibe the  state of the gas. 

Taking the c u r l  of the momentum equation and pe r -  
forming a number of operations using the other  equations, 
one f inds  a form of the equation f o r  the t ransport  of vor- 
t i c i t y ,  namely: 

a - (x +3 V >  v2 7 + ( cu r l  3 V >  c u r l  3 

+ ( c u r l 3  V )  c u r l 3  + 0 9  d i v 3  

+ (vcp V >  c u r l 3  + ( c u r l 3  V >  vcp - c u r l 3  v2cp 
+ { - [(vcp + c u r l y  ) V I V ~  - ( 0 9  v>  (vcp + c u r 1 3 )  

+ v2 rp v q } ’  = 

There is, therefore ,  a l i nea r  as wel l  as a nonlinear 
coupling between v o r t i c i t y  f luc tua t ions  and densi ty  f luctu-  
a t ions .  For an unstable mean flow, a s m a l l  densi ty  dis turb-  
ance may cause a large v o r t i c i t y  disturbance, i f  the densi ty  
disturbance i s  j u s t  r i g h t  o r  near the conditions f o r  l inear  
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resonance. The occurrence of such densi ty  disturbances i s  
not unlikely,  s ince v o r t i c i t y  f luc tua t ions  w i l l  generate 
densi ty  f luctuat ions,  as has been shown by L igh th i l l .  

This i s  a possible  explanation of the s t rongly co- 
herent 1 q  frequency near f i e l d  pressure pa t te rns .  
course, cor re la t ion  measures only the coherent p a r t ,  which 
may be a s m a l l  f r ac t ion  of the t o t a l  energy i n  the  f luc tu-  
a t i n g  f i e l d .  

Of 

On the other  hand, a coherent emit ter  i s  much more 
e f f i c i e n t  than a random emitter. Even i f  i t  i s  weak, it 
may e m i t  more than a much more intense random emitter. 

Also, we should remember t h a t  incoherence and co- 
herence are d i s t inc t ions  of degree, r a the r  than kind when 
one thinks about s p a t i a l l y  extensive emitters, and t h a t  one 
may think i n  terms of degrees of coherence. 

6.  FAR FIELD MEASUREMENTS 

Our f a r  f i e l d  measurements show t h a t  the low- 
frequency maximum of the  f a r  f i e l d  power spec t r a l  densi ty  
i s  sens i t i ve  and depends s t rongly upon whether t r a n s i t i o n  
occurs i n  the  f r e e  shear l a y e r  of the j e t  o r  i n  the  nozzle. 
T h i s  also a f f e c t s  the r m s  pressure f luc tua t ions  i n  the near 
f i e l d ,  and thus the magnitude of the cor re la t ion  funct ion 
i n  the  near f i e l d ,  as contrasted t o  the cor re la t ion  coef- 
f i c i e n t  . 

Figure 35 shows a number of f a r  f i e l d  spectra ,  and 
i l l u s t r a t e s  the dependence upon the low frequency peak of 
f a r  f i e l d  power spectrum upon j e t  d i a m e t e r .  The d e t a i l e d  
r e s u l t s  of our f a r  f i e l d  measurements has been pr inted as 
a separate  report ,  and i s  being submitted f o r  publ icat ion.  

13 



7 .  SUGGESTIONS FOR FURTHER WORK 

We are cur ren t ly  invest igat ing the  e f f e c t  of changes 
i n  the  mean flow upon the near f i e l d  strearrrwise pressure 
cor re la t ions .  W e  have observed ef fec ts ,  and are pursuing 
the  invest igat ions fur ther .  

A promising avenue f o r  fu r the r  work may be t o  at- 
tempt  t o  make the noise  f i e l d  d i f f e ren t  from axisymmetric. 

It may be possible  t o  do t h i s  by mean flow modifi- 
cat ions.  Even i f  the t o t a l  noise from a j e t  engine would 
then be increased, i f  most of the noise  would be directed 
upwards, f o r  example, it would perhaps be less bothersome 
on the  ground. 

I n  such work, I would l i k e  t o  emphasize the need 
f o r  carefu l  and control led experiments. We may have gone 
too far i n  t h i s  respect ,  a criticism of our work being tha t  
real  j e t s  are not a l l  t ha t  pure, and t h a t  our work there-  
fo re  i s  not c l e a r l y  appl icable  t o  p rac t i ca l  circumstances. 

Even i f  t h i s  i s  so, we  have the comfort t o  know 
what we  have been measuring, and we f ind it an in t e re s t ing  
area of f l u i d  dynamics, of ul t imate  use beyond j e t  noise 
prevention. 
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Figure  2 Anechoic Chamber 
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